Polyoxovanadates (POVs), known for their wide applicability and relevance in chemical, physical and biological sciences, are a subclass of polyoxometalates and usually self-assemble in aqueous-phase, pH-controlled condensation reactions. Archetypical POVs such as the robust [V IV 18 O 42 ] 12À polyoxoanion can be structurally, electronically and magnetically altered by heavier group 14 and 15 elements to afford Si-, Ge-, As-or Sb-decorated POV structures (heteroPOVs). These main-group semimetals introduce specific chemically engineered functionalities which cause the generally hydrophilic heteroPOV compounds to exhibit interesting reactivity towards organic molecules, late transition metal and lanthanoid ions. The fully-oxidised (V V ), mixed-valent (V V /V IV and V IV /V III ), ''fully-reduced'' (V IV ) and ''highly-reduced'' (V III ) heteroPOVs possess a number of intriguing properties, ranging from catalytic to molecular magnet characteristics. Herein, we review key developments in the synthetic and structural chemistry as well as the reactivity of POVs functionalised with Si-, Ge-, As-or Sb-based heterogroups.
Introduction

General remarks
Although vanadium is best known for its use in the large-scale industrial production of alloys and steels, this group 5 transition metal also plays a significant role in biological systems and bioinorganic chemistry. 1, 2 Vanadium shows common oxidation states between +2 and +5 revealed by characteristic colours such as lilac/purple (V 2+ ), green (V 3+ ), blue ({V IV O} 2+ ), and yellow ({V V O 2 } + and {V V O 3 } À ) and exhibits a particularly rich coordination chemistry in aqueous solutions. 3, 4 It has a high tendency to form oxovanadium ions whose nuclearity, structural motifs and net charge are strongly influenced by the specific reaction conditions such as stoichiometries and concentration of the reactants, pH (alkaline vs. acidic aqueous solutions), temperature, pressure, and reaction time. In general, vanadium oxide compounds find a wide range of applications in catalysis, 5 biochemistry, 1,2,6 sol-gel chemistry, 7 gas sensing, 8 geochemistry, 9 sorption 10 and intercalated layered material, 11 surface and nano sciences 12 and perform their role as secondary electrode materials for advanced lithium ion batteries and vanadium redox-flow batteries. 13 Even in photosynthesis the role of vanadate and vanadyl citrate compounds was investigated. 14 The chemistry of polyoxovanadates (POVs), 15 the latter being a subclass of polynuclear molecular early transition metal oxides known as polyoxometalates (POMs), 16 is a very fast growing area of research, mainly due to the versatile redox activities of POVs, 17 their current application and further perspectives in various branches of chemical, physical and biological sciences. Kirill Monakhov received his Dr rer. nat. degree in 2010 with Prof. Gerald Linti (Heidelberg University, Germany). After two years as a postdoctoral fellow of the German Research Foundation and the Cercle Gutenberg with Prof. Pierre Braunstein (University of Strasbourg, France), and after being awarded the Academia Europaea Burgen Scholarship in 2011, he returned to Germany in 2013 with a DFG postdoctoral reintegration fellowship to join the group of Paul Kögerler at RWTH Aachen University. In 2015 he received a DFG Emmy Noether fellowship and now leads a junior research group at the Institute of Inorganic Chemistry at RWTH Aachen.
Wolfgang Bensch received his Dr rer. nat. with Prof. Eberhard Amberger at the Ludwig-Maximilians-University of Munich (Germany) in 1983. He was a postdoctoral fellow at the University of Zurich (Switzerland) and joined Siemens Company (Munich) in 1986. In 1990 he started his habilitation at the Johann Wolfgang Goethe University Frankfurt (Germany) which was finished in 1993. He was appointed as full professor for Inorganic Solid State Chemistry at the Christian-Albrechts-University Kiel in 1997. species (Fig. 1 ). X-ray single-crystal structures have been determined for [ 42 (disregarding encapsulated supramolecular guest species) from the class of the mixed-valent V V /V IV species (Fig. 2) . The mixed-valent V IV /V III -POVs and the ''highly-reduced'' V III -POVs consist mostly of a variety of vanadium alkoxide structures. 43, 44 The most renowned representative in the class of the ''fully-reduced'' POVs is the [V IV 18 O 42 ] 12À polyoxoanion whose chemical and structural characterisation were reported for the first time by Johnson and Schlemper in 1978 ( Fig. 3 ). 45 The {V 18 O 42 } architecture constructed from the edge-sharing square-pyramidal {OQVO 4 } units represents an archetypal structure with a diameter of ca. 11 Å which may adopt idealised T d and D 4d symmetries. The strong infrared stretching frequencies of terminal VQO groups characteristically appear in the range 940-1000 cm À1 .
The presence of heterovalent vanadium atoms in some POVs occasionally complicates the assignment of the positions of the individual V atoms. This is due to the multifaceted nature of the POV structures, which often afford similar coordination geometries (e.g. square-pyramidal) around the V V /V IV ions and feature charges which are delocalised over the vanadium centres. Generally, there are several approaches to assign the oxidation states of V atoms in the entire POV structure: (i) overall charge balance, (ii) calculation of bond valence sums from determined bond lengths, 46 (iii) redox titration and (iv) X-ray photoelectron spectroscopy (XPS). Elemental, thermal (TG-DTA), 47 X-ray powder diffraction and electron microprobe (EMP) analyses, infrared (IR) spectroscopy, electron paramagnetic resonance spectroscopy (EPR), 1 H, 17 O and 51 V nuclear magnetic resonance spectroscopy (NMR), 48 energy-dispersive X-ray spectroscopy (EDXS), ultravioletvisible (UV-vis) spectroscopy, electrospray ionisation mass spectrometry (ESI-MS), 49 cyclic voltammetry (CV), and inelastic neutron scattering (INS) have been used for the chemical and structural characterisation of POVs. Temperature-and fielddependent magnetic susceptibility measurements were routinely applied to evaluate the magnetic characteristics of reduced POVs. A study combining density functional theory (DFT) calculations and 51 V NMR experiments for [V 10 O 28 ] 6À was published some time ago. 50 More recently, joint experimental and computational studies have been performed on positively-charged vanadium oxide clusters in the gas phase and in solution. These involved e.g. the combination of laser desorption time-of-flight mass spectrometry, UV-vis and IR spectroscopy, and DFT calculations, 51 or analysis by ESI-MS, collision-induced dissociation experiments and DFT. 52
Relation of POVs to classical POMs
The POV structures are usually derived or deduced from transferable vanadium oxoanion building blocks and host-guest aggregates, but also from small stable POM archetypes. Although the redox behaviour of the POVs differs from that of POMs comprised of group 6 transition metals (M = Mo, W), some of the construction principles of the metal-oxide core frameworks are very similar between these two classes of compounds. The POVs have thus been shown to adopt the structures of the classical Lindqvist-type [M 6 O 19 ] QÀ polyanions, 53 as exemplified by the mixed-valent [V 6 O 19 ] QÀ polyoxoanions, 54 and to exhibit expanded O 40 ] QÀ structures (Y: heteroatom). 55 A first representative in the latter family, a fully-oxidised [PV 14 O 42 11À . 59 Note that the structure of the archetypal ''fully-reduced'' [V IV 18 O 42 ] 12À polyoxoanion with D 4d symmetry can formally be derived stepwise from the fully-oxidised a-Keggin-type framework [V V 12 O 36 ] 12À , as illustrated in Fig. 4 .
'Host-guest' complexation in POV chemistry
The cage-, basket-, barrel-and sphere-like shape of highnuclearity POVs enables them to entrap small guest species 60 in their central voids, in a manner that is structurally reminiscent of the ''molecular container'' behaviour of e.g. fullerenes. The case of a discrete (small) number of water molecules enclosed in a molecular container generally is of great interest: Jung and coworkers e.g. emphasise that ''a single water molecule within an isolated space is a hot research topic in molecular science, owing to potential applications to delicate functions such as proton transfer, tautomerism, recognition, and biological systems''. 61, 62 Fig. 5 illustrates that not only Pd(II) cage-type coordination complexes 61 and fullerene C 60 , 63 but also the hydrophilic POVs are able to host an individual H 2 O molecule. 64 In the following, for reasons of clarity we indicate the supramolecular encapsulation state of a guest species by the ''@'' notation when specifying the composition of a discrete polyanion, whereas in full formulas for POV-based compounds the guest species is simply set in brackets.
The prototypical fully-oxidised, mixed-valent and ''fullyreduced'' POV shells ( ) within the vanadium oxide shells. 39, 66 Larger neutral guests (methanol, ethanol, ethane-1,2-diol) have furthermore been reported to exist in phosphate-and diaminopropane-capped {V III 3 V IV 18 }-type cluster shells. 67 In all of these compounds, the encapsulated halide, pseudohalide, inorganic or organic guest anion interacts with the anionic host shell solely via weak electrostatic and van der Waals forces at distances of ca. 3.5-4.0 Å. In this regard, the POV host structures 68 can also be regarded as 45, 64 and [Pd 3 L 2 ] 6+ (c) . 61 vanadium oxide matrices that isolate unstable guests with short lifetimes or high reactivities. The formation of POV host shells can also be controlled by templating effects of small guest anions present in solution. 40, 69 Interestingly, also certain cationic groups such as dimethylammonium that weakly bind to polyoxovanadate shell structures can assume the role of an interchangeable template as well, for example in the POV [Cl@V V 12 O 32 (H 2 NMe 2 ) 2 ] 3À where one or both dimethylammonium groups can subsequently be exchanged by first-row transition metal cations. 70 4À incorporating transition-metal cationic templates (Pd 2+ , Cu 2+ , and Ni 2+ ) are also known. 15, 71 The far-reaching consequences for the properties of the host matrix are exemplified by a family of purely inorganic hostguest assemblies [X@HV IV 8 V V 14 O 54 ] 6À (X = VO 2 F 2 À , SCN À , and ClO 4 À ). 72 Here the nature of the guest (X) anion defined the magnetic and electrochemical characteristics of the virtually isostructural, mixed-valent V V /V IV -POV host matrices. Similarly, template-dependent reactivity has also been observed for the photooxidation of an organic dye by nearly isostructural [X@(Bi(dmso) 3 ) 2 V V 12 O 33 ] À -type POVs (X = Cl À , Br À ). 73 In general, POVs exhibiting host-guest relationships consist of transferable substructures and exist in a variety of reduction (and protonation) states. In the words of Müller et al.: ''The template syntheses of new cluster compounds utilizing intrinsic host-guest relationships open up new possibilities for chemists to create nanosized host or cluster structures with novel magnetic properties''. 74 
Magnetism of POVs
The POVs can be magnetically functionalised either via their reduction towards the mixed-valent, ''fully-reduced'', and ''highlyreduced'' structures comprising vanadyl {V IV O} 2+ (isotropic spin-1/2) and {V III O} + (spin-1) groups or via incorporation of paramagnetic transition metal or lanthanoid cations. The last few decades have shown that such POVs are ideal objects for magnetochemical studies 75 and the exploration of nanoscale molecular magnetism 76 due to their intriguing magnetic features, ranging from geometrical spin frustration to single-molecule magnet characteristics. 77 Most commonly, the mixed-valent (V V /V IV or V IV /V III ), ''fully-reduced'' (d 1 -V IV ) and ''highly-reduced'' (d 2 -V III ) vanadium spin-centres are coupled antiferromagnetically via bridging oxygen atoms, although ferromagnetic coupling between the vanadium ions is also possible, as has been forecasted in a quantum-chemical study of the synthetically readily accessible mixed-valent alkoxo-hexavanadates of the [V IV 4 V V 2 O 7 (OR) 12 ] type. 78 A comparative theoretical study of the magnetic properties of a homovalent [V IV 18 O 42 ] 12À POV with 18 fully localised valence electrons and its structurally identical mixed-valent derivative [V IV 10 V V 8 O 42 ] 4À with 10 partially delocalised electrons explored the role of electron transfer processes and magnetic exchange interactions in these structures. 79 The preparation of the first water-soluble salt-inclusion solid [Cs 11 Na 3 (V 15 O 36 )Cl 6 ] containing the mixed-valent [V IV 11 V V 4 O 36 Cl] 9À building block is an interesting result in view of the development of ''quantum magnetic solids within extended systems''. 80, 81 Notably, the chemical reactivity and acid-dissociation constants of fully and partly reduced POVs can in principle be influenced by the extent of charge delocalisation.
Catalysis with POVs
The catalytic activity of the POV-based compounds was demonstrated by a number of authors. Gao = N,N 0 -(ethylene)bis(salicylideneiminate)), the structure of which comprises a cyclic POV anion decorated with six Mn III -salen Schiff-base complex groups, acts as photocatalyst for organic dye degradation. 86 
Scope of the review
Embedding heteroelements into POV structures 90 allows us to alter the electronic and magnetic properties, as well as the electrical conductivities 91 of the resultant heteropolyoxovanadate (heteroPOV) spin structures (reminiscent of ''doping'' semiconducting materials) through the interplay between stoichiometries, heavy atom effects and redox potentials as well as steric and electronic environment around the terminal VQO groups. Herein, we place emphasis on the structural variety of silicato-, germanato-, arsenato-, and antimonato-derivatised polyoxovanadates and their hybrid compounds with middle and late transition metals and discuss interesting molecular features and application perspectives of these heteroPOVs. Great interest in the polynuclear molecular vanadium oxides decorated with the heavier group 14 and 15 elements (E) is generated by the specific synthetic, structural, host-guest and vast redox chemistry and extraordinary magnetic characteristics of these compounds, involving e.g. geometrical spin-frustration. 92 Remarkably, the structurally, electronically and spin density-modified heteroPOVs 2. Group 14 (Si, Ge) elementfunctionalised POVs
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The chemistry of heteroPOVs incorporating the most common {E 2 O 7 } groups and more rare {E 2 O 5 S 2 } ones with E = Si or Ge (SiPOVs and GePOVs) is still underdeveloped. In their molecular structures, the E IV atoms usually favour four-fold coordination, thus yielding tetrahedral {EO 4 } geometries. However, an example of a heteroPOV with a Ge IV centre adopting a six-fold {GeO 6 } coordination was also described. 42 (OH) 6 (Cl)]ÁnH 2 O (n = 7-10) with a solid-state close-packed layer aggregate structure (Table 1) . 98 Here, the discrete SiPOV [Cl@V IV 15 Si 6 O 42 (OH) 6 ] 7À exhibits closest intracluster VÁ Á ÁV distances of ca. 3.0 Å and hosts a Cl À anion. In the crystal structure, extensive N-HÁ Á ÁO hydrogen bonding interactions were observed, which interlink the pdn groups and the ''fully-reduced'' SiPOVs. Notably, these N-HÁ Á ÁO hydrogen bonds are crucial in the formation of the supramolecular network structure.
2.2.4 Corollary for SiPOVs. All above-mentioned SiPOVs can be regarded as derivatives of the [V 18 O 42 ] 12À archetype ( Fig. 3) , as a specific number (n = 2-4) of its [VO 5 ] 6À square pyramids are formally replaced with an equal number of handle-like silicate [Si 2 O 7 ] 6À iso-anionic or partly protonated [Si 2 O 5 (OH) 2 ] 4À groups. All discussed ''fully-reduced'' SiPOV building blocks were shown to form diverse networks ( Fig. 7 ) in the solid state principally due to the following points: (i) the chemical composition and structures of the inorganic linkers and the nature of the metal ions, which played a crucial role in the self-assembly behaviour of the spherical SiPOVs; (ii) the presence of the silicate groups in SiPOVs which are involved in the covalent bonding to the linking groups. As it was noted, ''the interconnection of polyoxometal building blocks like polyoxovanadates by means of covalent bonds could create new porous materials with ultralow framework densities and high porosity''. 99 In view of the structural arrangement and organisation of the extended solid-state structures discussed above, it appears highly desirable to explore the role of the SiPOV-based networks as microporous molecular materials resembling zeolites or molecular sieves, e.g., for catalytic performance, gas storage, and ion exchange. building blocks. The compound with E = Si shows a closepacked layer structure, whereas the one with E = Ge exhibits a 1D chain structure. 98 The crystal structure of the GePOV-based compound (Table 2) with the formula (H 2 tren) 2 (H 3 tren)-[V 15 Ge 6 O 42 (OH) 6 (Cl)]Á2H 2 O is furthermore characterised by the N-HÁ Á ÁO hydrogen bonds formed between the oxygen atoms of the ''fully-reduced'' polyoxoanions and the organic tris-(2-aminoethyl)amine (tren) countercations.
Polyoxovanadatogermanates (GePOVs
The compound (H 3 aep) 4 (Fig. 8b) is compensated by the protonated amine molecules. Weak (42 Å) and strong (o2 Å) N-HÁ Á ÁO hydrogen bonds between the organic ammonium countercations and the exposed oxygen atoms of the GePOVs in the crystals of both compounds result in 3D H-bonded networks. The preliminary analysis of the magnetic properties of (H 3 aep) 4 Fig. 6c ). This ''fully-reduced'' GePOV is further expanded by two {Co(tren)} 2+ complexes through Co-S bonds, thus featuring the Co-SQGe-O-V connections. These two trigonal-bipyramidal Co(II) complexes are attached to the terminal sulfide sites (S 2À ) and, along with two [Co(tren)(H 2 tren)] 4+ countercations, reduce the high negative charge of the polyoxoanion to give the compound [Co(tren)(H 2 tren)] 2 [{Co(tren)} 2 -V 15 Ge 6 O 42 S 6 (H 2 O)]Á9H 2 O where tren molecules act as mono-and tetradentate ligands. The presence of the N-HÁ Á ÁO hydrogenbonding pattern in the crystal structure of this compound results in two differently oriented channels. Similar to other {V IV 15 E 6 }-type structures (see also Section 3.2.5), the magnetic structure of the GePOV building block can be described as being composed of a geometrically frustrated, antiferromagnetically coupled equilateral {V 3 } triangle that is sandwiched between the two {V 6 } hexagons characterised by strong antiferromagnetic nearest-neighbor coupling.
2.3.3 Discrete GePOV with alkoxo ligands. Wang and colleagues synthesised and characterised the first polyoxoalkoxovanadatogermanate (hereafter referred to as alkoxoGePOV). The compound (NH 4 ) 2 [H 2 V 9 Ge 6 O 26 (L) 6 ]Á0.65H 2 O (H 2 L = HOCH 2 CH 2 OH, ethylene glycol) was obtained from a solvothermal reaction 103 where ethylene glycol functioned as a reducing agent for NH 4 VO 3 that was used as the vanadium source ( Table 2 ). The ''fully-reduced'' [H 2 V IV 9 Ge 6 O 26 (L) 6 ] 2À species shows the cage-like structure consisting of six edge-and corner-sharing {VO 6 } octahedra, three edge-sharing {VO 5 } square pyramids, and six corner-sharing {GeO 4 } tetrahedra (Fig. 8d ). The six ethylene glycol oxygen-donor groups act as bridging alkoxide ligands. This alkoxoGePOV features the spherical {V 9 Ge 6 O 38 } shell with approximate D 3h symmetry and experiences non-bonding VÁ Á ÁV distances of ca. 3.07 Å. EPR studies performed on (NH 4 ) 2 [H 2 V 9 Ge 6 O 26 (L) 6 ]Á0.65H 2 O at room temperature revealed the presence of a partial delocalisation of nine unpaired 3d 1 (V IV ) electrons in the alkoxoGePOV building block.
Discrete GePOVs with two-electron reduced structures
GePOV with a {GeO 6 } group. A mixed-valent [V IV 2 V V 12 GeO 40 ] 8À polyoxoanion with an octahedrally coordinated Ge IV heteroatom occupying a central geometrical position within the GePOV structure was isolated as the compound K 2 Na 6 [V 14 GeO 40 ]Á 10H 2 O. 104 The compound was obtained by reaction of GeBr 2 and NaVO 3 in aqueous acidic solution where GeBr 2 acted as a reducing agent for the V V source ( V IV ions, which are separated from each other by 8.52 Å via one O-Ge-O bond, are weakly antiferromagnetically coupled. X-band and Q-band EPR measurements indicated very weak spin-spin exchange coupling between these V IV ions. The magnetic properties of the mixed-valent [V 14 GeO 40 ] 8À were theoretically studied by Suaud, Coronado and coworkers on the basis of model Hamiltonian calculations and wave function theory as well as an electric field approach. 107 In particular, it was shown that an external electric field can induce a reversible transition from a paramagnetic (triplet) to an antiferromagnetic (singlet) ground state configuration of [V 14 GeO 40 ] 8À , meaning that this polyoxoanion can in principle act as a molecular switch. For a discussion about the relevance of [V 14 GeO 40 ] 8À to the field of molecular spintronics, see the review by Coronado and coworkers. 75 Moreover, the [V IV 2 V V 12 GeO 40 ] 8À polyoxoanion was reported to be a two-electron catalyst for the oxidation of the coenzyme NADH at pH = 8. Note that POMs usually act as one-electron catalysts. 108
Neutral GePOV. Another two-electron reduced GePOV was reported by Bian, Dai and colleagues. 109 The mixed-valent compound [V IV 2 V V 4 Ge 5 O 21 (heda) 6 ]Á3H 2 O, in which the deprotonated amine ligands [Hheda = N-(2-hydroxyethyl)ethylenediamine] coordinate covalently to the GePOV shell in three different coordination modes (monodentate and chelating for V centres, and multi-chelating for Ge centres), was obtained by solvothermal synthesis using Hheda as a reducing agent for V V ( pH = 9.7-10 ( Table 2) . 112 Their crystal structures exhibit 3D 10connected, inorganic-organic frameworks (point-symbol of 3 12 Á4 28 Á5 5 for the bct topology) which are constructed from the D 4h -symmetric, ''fully-reduced'' [{CdR} 4 95 ). The Cd 2+ ions are incorporated into the backbones of the tetralacunary b-isomeric GePOV building block composed of ten {VO 5 } square pyramids and thus display trigonal prismatic geometries (CdO 4 N 2 ), similarly to the ''fully-reduced'' [Cd 2 (en) 2 V IV 12 O 40 (GeOH) 8 ] 4À hybrid polyoxoanion ( Fig. 10 ). An attempt to replace these Cd 2+ ions coordinated in a circular {{CdR} 4 114 The structural analysis of these charge-neutral helical 1D strands and 2D layers revealed different coordination environments of unique, in situ-formed Mn II and Ni II complexes as well as different interconnection modes of the spherical, ''fully-reduced'' [V IV 15 Ge 6 O 48 ] 12À polyoxoanions with encapsulated water guest molecules. Interestingly, the reaction conditions were very similar in each case except the nature and amount of transition metal starting materials ( 3. Group 15 (As, Sb) elementfunctionalised POVs
Preview
One of the key differences between the SiPOVs/GePOVs and the polyoxovanadatoarsenates (AsPOVs)/polyoxovanadatoantimonates (SbPOVs) is the absence of the effective electron lone pairs at Si IV /Ge IV in the former and their presence at As III /Sb III in the latter. Note that these electron lone pairs provide different
This journal is © The Royal Society of Chemistry 2015 steric hindrances around the E and terminal oxygen atoms (O term ) in the heteroPOVs, thus influencing the reactivity of the E sites towards the TMC complexes and organic ligands. In comparison to SiPOVs and GePOVs, the chemistry of Sb-and, especially, As-incorporating POVs is more widely developed and resulted in a variety of discrete and multidimensional structures with interesting chemical and physical properties. The AsPOVs and SbPOVs are frequently prepared under hydrothermal or solvothermal conditions (Tables 3 and 4 ). The AsPOVs known thus far are characterised by both the low-nuclearity and highnuclearity assemblies, which are classified as V 5 , V 6 , V 10 , V 12 , V 13 , V 14 , V 15 , V 16 , V 20 and V 24 series. SbPOVs show assemblies with nuclearity V 14 , V 15 , V 16 and V 20 . Some of their most common skeletons are shown in Fig. 11 .
As vanadium precursors for the synthesis of the AsPOVs (Table 3) and SbPOVs (Table 4) (Table 3) , respectively, display different electron populations and different types of spin-spin interactions, albeit their AsPOV shells with encapsulated formiate ions are isostructural and possess D 4h symmetries. The strength of the spin-spin coupling in these polyoxoanions composed of four handle-like {As 2 O 5 } groups and twelve {VO 5 } square pyramids was shown to be influenced by the number of V IV centres: the larger number of these centres, the stronger coupling. Their magnetic properties were additionally studied by Gatteschi and colleagues. 120 Although the [HCO 2 @V IV 6 V V 6 As 8 O 40 ] 3À and [HCO 2 @V IV 8 V V 4 As 8 O 40 ] 5À polyoxoanions are isonuclear, they exhibit dissimilar magnetic properties due to the different AsPOV spin topologies and delocalisation effects of the d 1 -V IV electrons. According to the magnetic susceptibility data, the AsPOV trianion is characterised by ferromagnetic coupling between delocalised and localised V IV ions and the AsPOV pentaanion features a singlet (S = 0) ground state because of strongly coupled, delocalised V IV ions. Furthermore, it was stated that field-dependent relaxation effects may influence the EPR spectra (at X-band) of these dodecanuclear species.
About 10 years later, Güdel and colleagues conducted an INS study for three new, but related dodecanuclear b-AsPOVs isolated as Na 4 (Table 3 ). 121 The goal of the study was to gain insights into magnetic exchange interactions in these mixed-valent spin 125 This hybrid polyoxoanion based on the a-AsPOV is constructed from twelve {VO 5 } square pyramids, two squarepyramidal {ZnNO 4 } units and four handle-like {As 2 O 5 } groups. 126 Crystalline samples of these inorganic-organic hybrid materials could only be obtained in alkaline solutions when the pH value was adjusted between 8 and 10, which allowed deprotonation of N-donor ligands and their easier coordination to the Zn 2+ ions ( Table 3 ). The different structural features of the organic ligands captured by the secondary Zn 2+ ions were shown to have an effect on the formation and construction of the above compounds, thus resulting in the polyoxoanions that are packed in linear or staggered arrangements in the solid state. (Fig. 13c) , yielding a single-stranded (right-and left-handed) helical chain, resembles that found in the crystal structure of [Zn(en) 2 ] 2 [Zn 2 (bpe) 2 V 12 As 8 O 40 (H 2 O)]. 125 Cadmium-AsPOV hybrids. Cd 2+ -en complexes were incorporated into the dilacunary (Fig. 14a) (Table 3) . 129 Its crystal structure displays the hostguest [Cl@NiV IV 13 As 8 O 41 ] 5À building blocks linked to each other through Ni-O-As bonds to form a dimeric assembly (Fig. 14c) . (Table 3) . 131 This ''fully-reduced'' AsPOV consists of fourteen condensed {VO 5 } square pyramids and four handle-like {As 2 O 5 } groups and is characterised by a a-{V 14 As 8 O 42 } shell of rhombicuboctahedral topology (Fig. 15a ). This cluster shell encapsulates a disordered H 2 O guest molecule. The b-isomer (Fig. 15b (Table 3 ). 132 In contrast to the a-isomer with D 2d symmetry, the ''fully-reduced'' b-[SO 4 @V IV 14 As 8 O 42 ] 6À polyoxoanion exhibits D 4h symmetry which results from the rotation of the three-membered vanadium oxide arc and two {As 2 O 5 } groups over an eight-membered ring in a-[V IV 14 As 8 O 42 ] 4À by 901 around the S 4 axes ( Fig. 15a and b ). In the structure Table 3) . 133 Yang and colleagues showed that protonated [NH 2 (CH 2 CH 2 ) 2 NH 2 ] 2+ amine molecules not only compensate the negative charge of the ''fully-reduced'' a-[SOV IV 14 As 8 O 42 ] 6À polyoxoanion but also assume space-filling and structuredirecting roles. The strong hydrogen bonds between the AsPOV building blocks, organic amine molecules, and crystal water molecules result in the formation of a 3D supramolecular array. guests, respectively, were described as well (Table 3) .
Discrete AsPOV with rubidium countercations. The above series of discrete, host-guest AsPOVs also includes the ''fullyreduced'' [Cl@V IV 14 As 8 O 42 ] 5À polyoxoanion, which was shown to exhibit elongated square gyrobicupola topology that is also observed for [V IV 16 Ge 4 O 42 (OH) 4 ] 8À (Fig. 8a) . This AsPOV pentaanion is the central component of the hydrothermally prepared compound Rb 5 [V 14 As 8 O 42 (Cl)]Á2H 2 O with a chain-like structure. 116 Table 3) were reported that indicate fluorescence in the UV region with an emission peak at ca. 300 nm. 141 Although the authors claimed that these compounds feature a new type of the ''fully- all synthesised under hydrothermal conditions. 143 These compounds display differing extended structures as well as different coordination modes of the organodiamine ligands (en, 1,10phen, 2,2 0 -bipy, and 4,4 0 -bipy) used in the synthesis reactions (Table 3) . Notably, the formation of the crystalline products was shown to be strongly dependent on the acidic pH range (3-6), which is quite different from the pH (alkaline media) for reactions resulting in the TMC-supported GePOVs, and was seemingly not influenced by the reaction temperatures in the range 130-170 1C. (Fig. 17a 144 The Zn(II)-and Cd(II)-containing compounds organise into 1D chain structures and are characterised by overall antiferromagnetic coupling. In contrast, the Ni(II)containing compound exhibits a 2D structure and produces no signal for V IV ions in the EPR spectrum at room temperature.
The antiferromagnetic compound [Ni(en) 2 ] 3 (Table 3) were hydrothermally prepared and showed high-dimensional organic-inorganic hybrid nanostructures. 146 The compound bearing 4,4 0 -bipy ligands consists of two bridging [{Ni(en) 2 } 4 (4,4 0 -bipy) 4 {Ni(H 2 O) 2 }] 10+ fragments and four a-[NO 3 @V IV 14 As 8 O 42 ] 5À polyoxoanions which are joined through Ni-O bonds to form a pillared box-like structure with a cavity of ca. 600 Å 3 (Fig. 18) (Fig. 17b ) and a tubular structure was prepared hydrothermally in acidified solution (Table 3 ). 147 (Table 3) and contains a-[CO 3 @V IV 14 As 8 O 42 ] 6À with a carbonate ion in the inner void of the polyoxoanion. 149 In the solid state, each AsPOV is surrounded by six [Cu(en) 2 ] 2+ bridging groups with Cu-O term -V linkages (Fig. 17c ).
Lanthanoid-AsPOV hybrids. The first representatives of AsPOVs with covalently attached aqua-lanthanoid(III) complexes were reported in 2009. 150 (Fig. 19c , Table 3 ) and [Ni(2,2 0 -bipy) 3 (Table 3 ). 158 In the crystal structure, the ''fully-reduced'' [H 2 O@H 3 V IV 15 As 6 O 42 ] 3À polyoxoanions are bridged by [Cu(en) 2 ] 2+ moieties leading to formation of a 1D sinusoidal chain (Fig. 19e) In 2011, Zhang and Schmitt reported a unique series of symmetrical nanoscopic vanadium oxide supramolecular coordination cages functionalised with phenylarsonate ligands (Fig. 21 ) and exploited the topologies of their hollow structures together with the template effects of the octahedral {X z (H 2 O) 6Àz } guest assemblies (X = Br, Cl and z = 2, 4, 6). 163 Such ''fully-reduced'' V IV , mixed-valent V V /V IV and fully-oxidised V V AsPOVs characterised by the high-nuclearity {V 16 4 } octahedra with the Br À and Cl À ions situated in the apical positions show BrÁ Á ÁH 2 O and ClÁ Á ÁH 2 O distances ranging from 3.13 to 3.36 Å and from 3.03 to 3.18 Å, respectively. In addition, BrÁ Á ÁBr distance of 5.28 Å is slightly shorter than the ClÁ Á ÁCl distance of 5.31 Å. The intramolecular VÁ Á ÁBr and VÁ Á ÁCl separations are between 3.47 and 3.51 Å. It was concluded that the nature and geometry of these octahedral guest assemblies determines the nuclearity, size, and topology of the produced organoarsonate POV cages.
The fully-oxidised {V 16 As 8 }-and mixed-valent {V 20 As 8 }-and {V 24 As 8 }-type building blocks (Fig. 21, bottom) of the abovementioned green compounds were synthesised using Dy(NO 3 ) 3 Á nH 2 O (n E 6), where presumably nitrate acts as an oxidant, different quantities of which was shown to influence the nuclearity of these AsPOV cages and the formal oxidation states of their V atoms. Thus, a gradual increase in the amount of the oxidant led ultimately to the fully-oxidised {V 16 As 8 }-nuclearity cage. The molecular structures of these three AsPOVs are constructed of sixteen, twenty and twenty-four edge-and cornersharing {VO 5 } square-pyramids, respectively. Each POV shell is ligated by eight phenylarsonate groups. (Fig. 23) , which shows a defect AsPOV structure from the {V 16 As 10 }-nuclearity cage (isomer 1, Fig. 21) , and [V 10 O 18 (O 3 AsC 6 H 4 -4-NH 2 ) 7 (DMF) 2 ] 5À . 165 The compounds based on these AsPOVs were isolated from the condensation reactions under reducing conditions in aqueous solution ( Table 3 ). The different nature of acids (HCl and HNO 3 ) used in the synthesis of these compounds strongly influenced the nuclearity of the cages, resulting in the {V 14 (Table 3 ) from a condensation reaction involving p-arsanilic acid in a H 2 O/dimethylformamide (DMF) mixture. 166 The main structural difference between these two AsPOVs (Fig. 22) 4 ] 5À comprising mixed-valent V V /V IV atoms were described as well (Table 3 ). 166 The preliminary magnetic studies performed for these two compounds showed the presence of antiferromagnetic exchange interactions and S = 0 ground states. . Fully-oxidised, mixed-valent and ''fully-reduced'' AsPOVs with As atoms in their formal oxidation states of +3 and, more rarely, +5, were reported to date. AsPOVs a variety of structural motifs, ranging from sphericalshaped to wheel-type structures. Dimensionalities from 0D (isolated AsPOVs) to 3D were observed in the solid state. The AsPOVs easily undergo transition metal functionalisation, resulting in novel inorganic-organic frameworks where multidentate organoamines are very commonly captured by transition metal ions introduced into the backbones of the AsPOVs. The hydrogen bonds characteristically expand the dimensionality of the AsPOV structures into 3D networks.
The discovery of the seminal [H 2 O@V IV 15 As 6 O 42 ] 6À polyoxoanion 151 that was shown to act as a textbook example for quantum spin frustration and as a qubit with relatively long coherence lifetimes paved the way for studies focussed on the optical, electronic and magnetic properties of other iso-and heteroPOVs. The nanoscale magnetism of this {V 15 }-type AsPOV with a symmetrical layer structure of spin centres and spin frustration effects in the central V IV triangle is now welldocumented. The [H 2 O@V IV 15 As 6 O 42 ] 6À polyoxoanion is a lowspin (spin-1/2) molecular nanomagnet and its characteristics were explored extensively: non-adiabatic Landau-Zener transitions, 170 low-energy spin excitations by elastic neutron scattering study of K 6 [V 15 As 6 O 42 ]Á9D 2 O, 171 low-energy excitations from proton NMR and mSR, 172 adiabatic Landau-Zener-Stückelberg transitions with or without dissipation, 173 mechanism of groundstate selection, 174 local spin moment configuration determined by NMR, 175 static magnetisation at ultra-low temperatures, 176 quantum oscillations, 177 and direct spin-phonon transitions. 178 In general, such AsPOVs show extraordinary magnetic properties and can be used as models to study different fundamental phenomena as e.g. spin frustration 179 (Table 4 ). 185 The structure is further characterised by comparably short intercluster SbÁ Á ÁO contacts of 2. 83 3 . The spin-1/2 ground structure of the [V IV 15 Sb 6 O 42 ] 6À polyoxoanion ''represents an interesting reference system for the concise characterisation of the microscopic magnetism of these spin 1/2 triangle systems'' 186 (Fig. 25a, right (Fig. 25b) . hitherto characterised {V 16 }-nuclearity AsPOVs and SbPOVs) was also identified (Fig. 29 ). 190 For comparison, the [V IV 16 Si 4 O 46 ] 12À polyoxoanion illustrated in Fig. 6a has D 2h symmetry, whereas the [V IV 16 Ge 4 O 42 (OH) 4 ] 8À in Fig. 8a also displays C 2 symmetry. Such changes in the SbPOV structure influenced the geometrical parameters, specifically the VÁ Á ÁV distances of this polyoxoanion. While the shortest non-bonding VÁ Á ÁV distances in the C 2 -symmetrical [H 2 O@V 16 Sb 4 O 42 ] 8À structure are between 2.73 and 3.10 Å, those in the isonuclear, but D 2h -symmetrical analogues fall in the range 2.85-3.06 Å in (H 2 aep) 4 Table 4 ). Two trigonal bipyramidal {Zn(tren)(H 2 tren)} 4+ complexes assume the role of countercations. The crystal structure of this compound that is soluble in methanol and ethanol contains channels between the SbPOVs arranged in the pairs by weak intercluster SbÁ Á ÁO interactions because of the specific orientation of the handle-like [Sb 2 O 5 ] 4À groups. The intermolecular N-HÁ Á ÁO hydrogen bonds between the cations, polyoxoanions and Fig. 28 (a and b ) Segments of the 1D infinite linear (a) and zig-zag (b) (Table 4 ) was the first example of functionalisation of a POV building block with antimony. 191 The crystal structure features 2D arrays of the spherical b-[H 2 O@V IV 14 Sb 8 O 42 ] 4À polyoxoanions that are joined through the covalent bonds between the apical oxygen atoms of the b-SbPOVs and the bridging Co 2+ ions of the [Co(en) 2 ] 2+ complexes (Fig. 28c) 4+ were synthesised under solvothermal conditions using different concentrations of amine molecules (Table 4 ). 192 Notably, the solvothermal reaction yielding [Co 2 (tren) 3 .01 Å) with the discrete b-isomeric SbPOV motifs (d VÁ Á ÁV = 2.90-3.10 Å). 193 The solvothermal formation of these compounds is accompanied by a decomposition of N,N,N 0 ,N 0 -tetramethylethylenediamine to ethylenediamine and in situ fragmentation of 1-methylpiperazine to piperazine, respectively. Like for the compounds (H 2 en) 2 [V 14 In the crystal structure of the compound comprising Co 2+ ions, the polyoxoanions are connected through weak intercluster SbÁ Á ÁO (3.13 Å) interaction, thus forming pairs of SbPOVs (Fig. 28d ). In contrast, in the crystal structure of the compound containing Ni 2+ ions pairs of SbPOVs linked by weak SbÁ Á ÁN contacts (2.65 Å) are observed. These SbÁ Á ÁN interactions involve the Sb atoms of the ''fully-reduced'' [H 2 O@V IV 15 Sb 6 O 42 ] 6À polyoxoanion and the N atoms of the propylamine chains from the adjoined [Ni(aepda) 2 ] 2+ fragments (Fig. 28e ). In addition, 
